Two copies of viral genomic RNA are packaged during assembly of a retroviral virion (8, 13, 15, 45) . After entering a target cell, most retroviruses convert the viral RNA into double-stranded DNA through the process of reverse transcription (6, 66) . Retroviruses use a tRNA as a primer to initiate DNA synthesis (14, 33, 38, (54) (55) (56) 74) . Human immunodeficiency virus types 1 (HIV-1) and 2 (HIV-2) both use tRNA Lys3 as a primer for initiation of reverse transcription (14, 38, 56) . The primer tRNA is specifically packaged into virions during assembly (21, 48, 49, 74) . The tRNA placement requires unwinding of the primer tRNA and dissociation of the inverted repeat (IR)-PBS stem in the viral genome. The virally encoded nucleocapsid protein possesses nucleic acid chaperone activity and is known to facilitate nucleic acid hybridization, such as tRNA placement (28, 44, 57, 68) .
Even though each HIV virion contains two RNAs and primer-binding sites (PBSs), it is currently unknown whether HIV-1 particles have the capacity to initiate reverse transcription on both genomic RNAs. Retroviral virions are estimated to contain 75 to 150 molecules of reverse transcriptase (7, 53, 69) and approximately eight primer tRNAs (35, 48, 49, 54) , well in excess of the two available PBSs. Thus, the components necessary to initiate reverse transcription more than once are present in each virion. It is possible that the number of initiation events per virion is limited by the number of PBSs that are functionally associated with a tRNA primer. In cell-free murine leukemia virus and avian leucosis virus virions, approximately 50% of genomic RNAs have a tRNA tightly bound to them (31, 54) , but the distribution of the occupied PBSs among infectious virions is not known. In addition, it is possible that not all PBSs associated with tRNAs are used for initiation due to incorrect placement of the tRNA, improper association with reverse transcriptase or other components of the initiation complex, or potential inhibitory effects of RNA secondary structure near the PBS.
Initiation of reverse transcription on only one of the two copackaged genomic RNAs would leave the second RNA available as a template for recombination during minus-strand DNA synthesis. Consistent with this idea, analysis of proviruses generated by a recombining population in spleen necrosis virus showed that all infected cells contained a single provirus (34) . This observation also supports the general belief that one provirus is formed during each infection event. However, it is possible that both nonrecombining and recombining virions are capable of initiating and completing synthesis of two full genomic DNAs. Inefficient minus-strand DNA transfer, intermolecular minus-strand DNA template switching (3, 34, 39) , degradation of viral DNA, formation of one and two long terminal repeat (LTR) circles (41, 61, 65) , autointegration (46, 62) , and inefficient integration (19, 20, 29, 63) could reduce the efficiency of provirus formation.
The regions surrounding the PBS are known to form a specific secondary structure, which plays a role in increasing the efficiency and specificity of initiation. Different elements of the structure have been implicated in the process (1, 2, 9-12, 22, 23, 47, 50, 59, 71) . The U5-leader and the U5-IR stems are formed in the region; the stability of both of these stems has been shown to be important for initiation in murine leukemia virus, avian sarcoma and leucosis virus, and HIV-1 (9, 12, 22, 23, 50) . Although the PBS forms the largest and most important site for primer tRNA binding, additional interactions between genomic RNA and primer tRNA have been proposed. In HIV-1, a region of the U5 sequence that is involved in forming a U5-leader stem, called the primer activation signal, has been proposed to interact with the thymidine-pseudouridine-cytidine (T⌿C) arm of the tRNA (10, 11) . These interactions were originally described in avian retroviruses and therefore seem to represent a common feature of the reverse transcription initiation complex (22, 23) . In addition, studies of HIV-1 viruses modified to use tRNA His as a primer indicated that an A-rich loop in the U5-IR stem interacts with the anticodon loop of the primer tRNA Lys3 (59, 71) . To date, the importance of various RNA-RNA interactions involved in initiation of reverse transcription has been determined by two experimental approaches. First, mutations that allow use of tRNAs other than tRNA Lys3 for initiation of DNA synthesis have been introduced into replication-competent virions, and the replication properties as well as the nature of reversion mutations that restore viral replication to wild-type levels have been studied (43, (71) (72) (73) . Second, structural analysis of viral RNAs in complex with initiator tRNAs has been performed to discern the various RNA-RNA interactions (16-18, 30, 36) . Both of these approaches have been highly successful in demonstrating the importance of RNA-RNA interactions. However, it has not been possible to determine the quantitative importance of specific RNA structures to the efficiency of initiation in vivo.
We recently demonstrated that when a murine leukemia virus-based vector contained an additional PBS (derived from spleen necrosis virus) in the middle of the genome, both the wild-type and the inserted PBS could be used for initiation of reverse transcription with similar efficiencies (70) . Analysis of cells infected with the murine leukemia virus vector also showed that the two PBSs were used simultaneously in at least 25 to 30% of all infectious virions. This result indicates that in simple retroviruses, at least 25% of virions are capable of forming two functional reverse transcription complexes. However, it is not known whether lentiviruses also have the capacity for dual initiation in single infectious particles. Several factors, including the efficiency of tRNA packaging, tRNA placement, formation of functional initiation complexes, and the inhibitory effects of RNA secondary structures, could influence the ability to initiate reverse transcription twice.
To determine whether HIV-1 virions have the capacity to initiate reverse transcription more than once, we constructed an HIV-1-based vector that contained a second PBS derived from HIV-2. Analysis of infected cells indicated that a single HIV-1 infectious virion has the capacity to use the HIV-2 PBS efficiently and to initiate reverse transcription more than once frequently. We have also performed quantitative mutational analysis of the RNA-RNA interactions at the HIV-2 PBS.
Analysis of the efficiency of initiation in these vectors is quantitative because initiation at the HIV-1 PBS can provide an internal control. These studies indicate that vectors containing two PBSs provide a sensitive and quantitative in vivo assay to determine the relative effects of various RNA-RNA interactions on the efficiency of reverse transcription initiation.
MATERIALS AND METHODS

Construction of vectors.
Plasmid names begin with p, while names of viruses derived from the plasmids do not. All HIV-1-based vectors were derived from pHRЈCMVLacZ, which was a kind gift from Inder Verma (Salk Institute) (52) . HIV-2 sequences were derived from the HIV-2 ROD10 variant (14) . All vectors contained a hygromycin phosphotransferase B gene (hygro) (32) , which was expressed from the internal ribosomal entry site (IRES) of encephalomyocarditis virus (37) .
To construct pKD-GFP-IN, the ClaI-XhoI fragment of pHRЈCMVLacZ was replaced with the green fluorescent protein gene (GFP), IRES, and neomycin phosphotransferase gene (neo) (40) . The final structure of the GFP-IRES-neo cassette was similar to that described previously (77) . IRES and neo were then removed by EcoRI-KpnI digestion, and the plasmid backbone was used to insert an IRES-hygro cassette obtained by digestion of pLW1 with PvuI and ClaI (42) . The resulting plasmid was called phGFP-Hy.
To construct vectors with two PBSs, the U5-PBS-leader sequence of HIV-2 ROD10 was PCR amplified in two steps. First, the U5-PBS region was amplified with forward primer ROD10-F (5Ј-GGAATTCAGTTAAGTGTGTGCTCCC ATCTCTCC-3Ј) and reverse primer HIV2-PBS-R (5Ј-CTTCAAGTCCCTGTT CGGGCGCCAACC-3Ј). The PBS-leader was amplified with forward primer HIV2-PBS-F (5Ј-GCAGGTTGGCGCCCGAACAGGGACTTG-3Ј) and reverse primer ROD10-R (5Ј-GGGGTACCCGGGCACTCCGTCGTGGTTTGT TCC-3Ј). In the second step, the two PCR products were joined by mixing and amplifying them with primers ROD10-F and ROD10-R. Primers HIV2-PBS-F and HIV2-PBS-R introduced a C310T mutation in the HIV-2 PBS. Primers ROD10-F and ROD10-R were designed to contain an EcoRI and a KpnI site at the 5Ј and 3Ј end, respectively. The PCR product was digested with EcoRI and KpnI and inserted in the corresponding sites in pKD-GFP-IN, replacing the IRES-neo sequences. The resulting plasmid was called pHIV-PBS. The IREShygro cassette was inserted into the SmaI site downstream of the HIV-2 PBS region, resulting in ph2PBS.
To remove the cytomegalovirus promoter from phGFP-Hy, phMut, and ph2PBS, the vectors were digested with SalI and ClaI and ligated with theAfter 2 weeks, approximately 700 to 1,500 resistant colonies were pooled and expanded for each experiment.
Virus produced by transient transfections was used to measure viral titers and generate pools of infected cells for flow cytometry and Southern blotting analysis. 293T cells were plated at 2 ϫ 10 6 cells per 100-mm-diameter dish and on the next day were transfected with either pdhGFP-Hy or pdh2PBS, pCMV⌬R8.2 (51), and pHCMV-G (75) (molar ratio, 1:1:1, with a total of 20 g of DNA). On the following day, the cells were washed with 6 ml of medium and fresh medium was added. The virus was collected 24 h later.
Tenfold serial dilutions of virus-containing supernatant were used to infect 2 ϫ 10 5 HeLa-tat-III cells per 60-mm-diameter dish. Infections were performed in the presence of Polybrene (50 g/ml) for 2 h. The infected cells were subjected to hygromycin selection at 24 h postinfection (250 g of hygromycin per ml). Viral titers were determined by quantitation of hygromycin-resistant colonies approximately 2 weeks after infection.
Detection of GFP expression by flow cytometry. The HeLa-tat-III cells were infected at a multiplicity of infection of less than 0.1. Approximately 10,000 hygromycin-resistant infected colonies were pooled for analysis. The percentage of GFP-expressing cells was measured by flow cytometry (FACSCalibur; Becton Dickinson); at least 10,000 events were collected for each experiment, and the results were analyzed with CellQuest software (Becton Dickinson).
Southern blotting analyses. Genomic DNA was isolated from infected cells with the AquaPure isolation kit (Bio-Rad), and proviral structures were analyzed by Southern blot hybridization as previously described (27) . A 1.2-kb DNA fragment containing hygro was used to generate a probe. Quantitation of bands was performed with a Phosphorimager and the Quantity One software program (Bio-Rad).
Quantitative real-time PCR analysis. The day before transfection, 2 ϫ 10 6 293T cells stably expressing each vector were plated per 100-mm-diameter dish.
The cells were transfected with pCMV⌬R8.2 and pHCMV-G (1:1 molar ratio, with a total of 8 g of DNA) overnight. After transfection, the cells were washed with 6 ml of medium and fresh medium was added. The virus was collected after 24 h, filtered (0.45-m pore size; Corning), and incubated with DNase I (Roche, 30 U/ml) and MgCl 2 (10 mM final concentration) at room temperature for 30 min to minimize carryover of transfected DNA. Approximately 3 ϫ 10 6 293T cells were infected by incubation with virus-containing medium in the presence of 50 g of Polybrene per ml. Cells were harvested 0, 1, and 2 h after infection after one wash with 6 ml of phosphate-buffered saline. To allow the infection to proceed for 6 h, cells were washed with phosphate-buffered saline 2 h after infection and incubated with fresh medium for an additional 4 h.
The QIAmp DNA Blood mini kit (Qiagen) was used to extract total cellular DNA from infected cells. DNA from approximately 10 5 cells was used for each real-time PCR assay with an ABI Prism 7700 sequence detector (Applied Biosystems). The R-U5 region was detected with forward primer 5Ј-AGCTTGCC TTGAGTGCTTCAA-3Ј, reverse primer 5Ј-TGACTAAAAGGGTCTGAGGG ATCT-3Ј, and probe 5Ј-6-carboxyfluorescein (FAM)-AGAGTCACACAACAG ACGGGCACACTA-6-carboxytetramethylrhodamine (TAMRA)-3Ј. The U5-⌿ region was detected with forward primer 5Ј-TCTGTTGTGTGACTCTGGTAA CTAGAGA-3Ј, reverse primer 5Ј-CCGTGCGCGCTTCAG-3Ј, and probe 5Ј-F AM-CCCGAACAGGGACTTGAAAGCGAAAG-TAMRA-3Ј. The GFP region was detected with forward primer 5Ј-TCAGACACAACATTGAGGATG GA-3Ј, reverse primer 5Ј-CGCCGATTGGAGTGTTCTGT-3Ј, and probe 5Ј-F AM-CCGTGCAGCTGGCCGACCAT-TAMRA-3Ј. The hygro region was detected with forward primer 5Ј-ACGAGGTCGCCAACATCTTC-3Ј, reverse primer 5Ј-CGCGTCTGCTGCTCCAT-3Ј, and probe 5Ј-FAM-CAAGCCAACC ACGGCCTCCAGA-TAMRA-3Ј. The final concentrations of primers and probes were 600 and 75 nM, respectively.
Threefold serial dilutions of pdhGFP-Hy were used to generate a standard curve ranging from 17 to 1,000,000 copies of DNA per PCR. The same dilutions were used to generate a standard curve for each primer-probe set, which allowed accurate measurement of relative amounts of DNA products detected by different sets. The correlation coefficient for all standard curves was Ͼ0.99. The amount of each PCR product in the sample was determined from a standard curve generated with the particular primer set.
To normalize the amount of DNA analyzed in the real-time PCR experiments, each sample was also analyzed with a primer set designed to detect the human porphobilinogen deaminase gene (PBGD) (GenBank accession number M95623) (kindly provided by Michael Piatak, AIDS Vaccine Program, Science Applications International Corporation, Frederick, Md.) (76) . The PBGD primer set included the forward primer 5Ј-AGGGATTCACTCAGGCTCTTTCT-3Ј, reverse primer 5Ј-GCATGTTCAAGCTCCTTGGTAA-3Ј, and probe 5Ј-FAM-CAGGCTTTTCTCTCCAATCTGCCGGA-TAMRA-3Ј.
RESULTS
Structure of HIV-based vectors containing two PBSs and protocol to determine dual initiation.
We constructed two HIV-based retroviral vectors to determine whether two initiation events can occur in the same virion during reverse transcription (Fig. 1A) . Vector dhGFP-Hy contains the 5Ј and 3Ј LTRs, PBS, packaging signal (⌿), polypurine tract, and other cis-acting elements required for vector propagation. dhGFPHy also expresses hygro, which confers resistance to hygromycin, and GFP from a single bicistronic transcript initiated from the 5Ј HIV LTR. Efficient transcription that is driven from the HIV-1 LTR requires Tat, which is not expressed from dhGFPHy or dh2PBS. Therefore, efficient transcription of these vectors requires expression of Tat in both producer and target cells. Translation of hygro is facilitated by the presence of the IRES.
We constructed pdh2PBS by insertion of a 224-bp sequence containing the PBS derived from the ROD10 isolate of HIV-2 between GFP and the IRES (Fig. 1A) . The PBS that is located just downstream of the 5Ј LTR is referred to as the 5Ј PBS, and the HIV-2 PBS is referred to as the 3Ј PBS throughout the text. The predicted structures of the HIV-1 and HIV-2 U5-leader regions including the PBS in complex with the tRNA primer are shown in Fig. 1B . HIV-2, like HIV-1, uses tRNA Lys3 as a primer, and 17 of 18 nucleotides of the HIV-2 PBS are identical to those of the HIV-1 PBS (Fig. 1C) . However, there is very little homology between the sequences surrounding the PBSs in HIV-1 and HIV-2. The inserted sequence contains the complete HIV-2 U5 (129 nucleotides), including the HIV-2 attachment site (att), the PBS (18 nucleotides), and a portion of the 5Ј untranslated leader sequence (77 nucleotides). The PBS of the ROD10 isolate of HIV-2 differs slightly from that of many other HIV-1 and HIV-2 isolates (26) . In most isolates, position 310 is occupied by C, whereas ROD10 has T, which has been proposed to occur due to infrequent use of a variant of tRNA Lys , tRNA Lys5 (26, 64) . Both nucleotides can base pair with the eighth nucleotide (G) of the primer tRNA Lys3 . In order to eliminate any effects of different PBS sequences or use of different tRNAs on the efficiency of initiation at the HIV-1 and HIV-2 PBSs, nucleotide 310 of the HIV-2 PBS was mutated from T to C (Fig. 1B) .
Previously, we observed that insertion of the homologous PBS in the middle of the retroviral vector resulted in a high frequency of deletions through reverse transcriptase switching templates during the process of reverse transcription due to the formation of direct-repeat sequences in the vector (our unpublished results). Therefore, the HIV-2-derived PBS region, which lacks significant homology to the HIV-1 PBS, was chosen for insertion in the middle of the HIV-1-based vector. In this vector, direct-repeat deletion through reverse transcriptase template switching is not expected to occur because the inserted HIV-2 sequence has only 49% homology to the HIV-1 sequence (Fig. 1C) .
Reverse transcription of vectors with two PBSs. Each viral RNA containing two PBS regions can initiate reverse transcription at the 5Ј PBS ( Fig. 2A) , the 3Ј PBS (not shown), or both PBSs (Fig. 2B) . Each of these initiation scenarios results in a provirus with a different structure. A GFP-positive provirus, the structure of which was identical to that of the original vector, is generated when initiation occurs only at the 5Ј PBS and reverse transcription is completed through strand transfer and DNA synthesis steps expected for replication of a normal retrovirus (24) (Fig. 2A) . If initiation occurs only at the 3Ј PBS, an unusually long minus-strand strong-stop DNA containing R, U5, PBS, ⌿, and GFP is formed. After completion of reverse transcription, a proviral structure that contains a second PBS, ⌿ signal, and GFP downstream of the 3Ј LTR is formed (not shown) (70) . Initiation of reverse transcription at both the 5Ј and 3Ј PBSs leads to the formation of a provirus with a GFP-negative structure, which does not contain GFP and ⌿ sequences (Fig. 2B) . Initiation at the 5Ј PBS results in the formation of normal minus-strand strong-stop DNA, which is transferred to the 3Ј end of the viral RNA through homology between the 3Ј and 5Ј R regions. Initiation at the 3Ј PBS results in the formation of a minus-strand DNA that encodes GFP, ⌿, and PBS.
DNA synthesis initiating at the 3Ј PBS does not extend past the PBS because initiation of reverse transcription at the 5Ј PBS results in degradation of the R and U5 regions by the RNase H activity of reverse transcriptase (4) . Due to the lack of homology to the R region, this product cannot be used for minus-strand DNA transfer; as a result, it is not involved in subsequent steps during reverse transcription. The RNA sequences corresponding to GFP, ⌿, and 5Ј PBS are degraded during minus-strand DNA synthesis initiating from the 3Ј PBS. Therefore, DNA synthesis that is initiated at the 5Ј PBS and transferred to the 3Ј end of the viral RNA is extended to the 3Ј PBS but not farther. Plus-strand DNA synthesis is initiated at the polypurine tract and extended through U3, R, U5, and the first 18 nucleotides of the primer tRNA. The DNA is then transferred to the 3Ј PBS and reverse transcription is completed, resulting in the GFP-negative structure.
To summarize, one of the consequences of inserting a second functional PBS in the HIV-based vector is that initiation of reverse transcription at both the 5Ј and 3Ј PBS regions can result in the formation of the GFP-negative provirus structure, which cannot express GFP. It is important to note that multiple initiations in a single virion do not always lead to the GFPnegative provirus structure, and the observed frequency of deletions provides the lowest estimation for the frequency of multiple initiations (see Discussion) (70) . GFP expression in vectors containing two PBSs. We determined the replication ability of vectors dhGFP-Hy and dh2PBS with the protocol outlined in Fig. 3 . Each vector, HIV-1 helper construct pCMV⌬R8.2, and the pHCMV-G envelope expression construct were cotransfected into 293T cells, and the resulting virus was collected 24 h later. The virus was used to infect HeLa-tat-III cells, which express Tat protein and therefore allow vector expression in the absence of the helper construct. Infected cells were selected for resistance to hygromycin, and pools of infected cells were analyzed by flow cytometry to determine the frequency of infected cells that expressed GFP. In addition, DNAs isolated from pools of infected cells and from single infected-cell clones were analyzed by Southern blotting to determine proviral structures.
The titers of each vector were determined in three independent experiments by selecting infected cells for resistance to hygromycin and quantifying the number of resistant colonies. The average dhGFP-Hy titer was 104 ϫ 10 4 Ϯ 20 ϫ 10 4 CFU/ml. The titer of vector dh2PBS was similar to that of the control vector dhGFP-Hy (56 ϫ 10 4 Ϯ 12 ϫ 10 4 CFU/ml), indicating that the presence of the 3Ј PBS did not have a deleterious effect on viral replication.
To determine whether the presence of the functional 3Ј PBS led to the deletion of GFP, we performed flow cytometry analysis of pools of cells infected with the dhGFP-Hy and dh2PBS viruses. Five independent experiments were performed to determine the average frequencies of GFP-positive and GFP-negative cells; a representative flow cytometry analysis is shown in Fig. 4A . Analysis of cells infected with dhGFPHy virus and selected for hygromycin resistance indicated that Ͻ1% of the infected cells were GFP-negative. In contrast, flow cytometry analysis of cells infected with dh2PBS virus and selected for hygromycin resistance indicated that the frequency of GFP-negative cells was 24 Ϯ 3.6%. This frequency of GFPnegative cells is very similar to the 26% frequency of GFPnegative cells observed after infection with a murine leukemia virus-based vector containing a second PBS derived from spleen necrosis virus (70) . Because dh2PBS virus is expected to have two functional PBSs and control vector dhGFP-Hy has only one functional PBS, the higher proportion of GFP-negative cells was correlated with the presence of two PBSs. This result strongly suggests that in 24% of the cells infected with Hy or pdh2PBS) , gag-pol and other accessory genes (pCMV⌬R8.2), and the vesicular stomatitis virus G envelope (phCMV-G) were cotransfected into 293T cells. Virus was collected and used to infect HeLa-tat-III cells, which express Tat protein and facilitate transcription from the HIV-1 promoter. Cells were subjected to hygromycin drug selection until resistant colonies formed. Single-cell clones as well as pools of hygromycinresistant colonies were analyzed by flow cytometry and Southern analysis. Quantitation of the hygromycin-resistant colonies was used to determine viral titers.
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VORONIN AND PATHAK J. VIROL. dh2PBS virus, GFP was deleted through initiation of reverse transcription at both the 5Ј and 3Ј PBSs. Analysis of proviral structures to determine the frequency of GFP deletion. The structures of proviruses generated after infection with dh2PBS vectors are outlined in Fig. 4B . When genomic DNA of infected cells was digested with SacI, the GFP-positive proviral structure was expected to generate a 4.9-kb band; in contrast, the GFP-negative proviral structure was expected to generate a smaller 2.8-kb band. Both bands can be visualized by hybridization with the Hygro probe, and the relative proportion of each band can be quantified by Phosphorimager analysis.
We first analyzed genomic DNAs isolated from clones of single HeLa-tat-III cells infected with dh2PBS virus (Fig. 4C) . Fluorescence-activated cell sorting was performed to identify and isolate 10 GFP-positive and 10 GFP-negative clones. Genomic DNAs from each of the cell clones were digested with SacI and analyzed by Southern blotting; representative results obtained from six GFP-positive and six GFP-negative cell clones are shown in Fig. 4C . Five of the six GFP-negative clones generated the 2.8-kb band, confirming the presence of a GFP-negative provirus structure. The presence of the predicted 2.8-kb band in the GFP-negative cell clones provided strong evidence that reverse transcription was initiated at both the 5Ј and 3Ј PBSs in the same virion and resulted in the formation of the GFP-negative proviral structure, as shown in Fig. 3B . One GFP-negative clone (Fig. 3C, lane 3 ) generated a band that was larger than the 2.8-kb band expected from a GFP-negative structure and smaller than the 4.9-kb band expected from a GFP-positive proviral structure (Fig. 3C) . We hypothesize that this clone contained an abnormal provirus that was generated through an error occurring during reverse transcription. All six of the GFP-positive cell clones generated the expected 4.9-kb band. Of the 10 GFP-negative clones analyzed, seven generated the expected 2.8-kb band, and of the 10 GFP-positive clones, nine generated the expected 4.9-kb band (data not shown).
Next, we analyzed genomic DNAs from five independent pools of infected cells to determine the relative proportions of GFP-positive and GFP-negative proviral structures. Representative results from one set of pools are shown in Fig. 4D . The frequency of GFP-negative proviral structures was estimated by quantitative Phosphorimager analysis of the 4.9-and 2.8-kb bands. Genomic DNA from cells infected with dhGFP-Hy was used as a control. As expected, analysis of DNA from dhGFPHy-infected cells revealed a single 4.8-kb band after SacI digestion; this band is slightly smaller than the 4.9-kb band generated by dh2PBS because it lacks the 3Ј PBS fragment. Because only the 5Ј PBS was present in this vector, deletion of 
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GFP through initiation of reverse transcription at two PBS sites was not expected to occur. Quantitation of the 2.8-and 4.9-kb bands observed from five independent infections with dh2PBS virus indicated that, on average, approximately 27 Ϯ 2% of the cells contained the GFP-negative proviral structure. This GFP deletion frequency is in agreement with the 24% frequency of GFP-negative cells observed after flow cytometry analysis of infected cells (Fig. 4A) . The fact that the 2.8-kb band was not observed for dhGFPHy vectors indicates that the GFP-negative proviral structure was formed only when the vector contained two PBSs. This result also strongly supports the view that during infection with dh2PBS, reverse transcription was initiated at both the 5Ј and 3Ј PBSs in the same virion, which resulted in the formation of the GFP-negative proviral structures.
Quantitative PCR analysis of reverse transcription initiation in vectors containing two PBSs. To determine the kinetics and relative efficiencies of reverse transcription initiation at the 5Ј and 3Ј PBSs, we analyzed the products of reverse transcription 0.5, 1, 2, and 6 h after infection. The locations of the real-time PCR primer and probe sets are shown in Fig. 5B . The primer sets R-U5 and GFP were used to detect R-U5 and GFP products, which provided a measure of the initiation of reverse transcription at the 5Ј and 3Ј PBSs, respectively. The Hygro primer set was used to detect reverse transcription products after minus-strand DNA transfer. The U5-⌿ primer set was used to detect late reverse transcription products after plusstrand DNA transfer. Four independent infection experiments were performed, and the copy number of each target sequence in each sample was determined three times with DNA from approximately 10 4 to 10 5 infected cells. The amounts of cellular DNAs analyzed were normalized by determining the copy number of the cellular PBGD gene.
To determine the kinetics of reverse transcription initiation, 293T cells were infected with dhGFP-Hy virus, and the amounts of the R-U5 product at 0.5, 1, and 2 h after infection were compared with the amount of the R-U5 product detected at 6 h. Previous studies have indicated that under the experimental conditions used in this study, the reverse transcription products reach maximal levels 6 h after infection (our unpublished results). The total amount of R-U5 products 0.5, 1, and 2 h after infection were 2 to 4%, 12 to 20%, and 45 to 75% of the products detected 6 h after infection, respectively (data not shown).
Because only a small percentage of reverse transcription initiation events occurred at 0.5 h after infection (2 to 4%) and most of the initiation events occurred 2 h after infection (45 to 75%), we compared the relative amounts of reverse transcription products for the dhGFP-Hy and dh2PBS vectors 1 and 2 h after infection (Fig. 5C) . To compare the relative efficiencies of initiation at the 3Ј PBS, the amount of the R-U5 product was set to 100%. The primary reverse transcription product detected in cells infected with dhGFP-Hy 1 h after infection was R-U5. The reverse transcription products detected by the Hygro, GFP, and U5-⌿ primer sets were less than 20% of the R-U5 product value, indicating that most of the minus-strand strong-stop DNAs were not transferred to the 3Ј end of the genome and extended to the Hygro primer set. In contrast to dhGFP-Hy reverse transcription products, the profile of reverse transcription products detected 1 h after infection with dh2PBS indicated that the levels of GFP products (82%) were similar to the levels of the R-U5 products. The high levels of GFP products indicated that reverse transcription was initiated at the 5Ј and 3Ј PBS sites with similar efficiencies.
FIG. 5. Quantitative real-time PCR analysis. (A) Experimental
protocol. Stable cell lines were generated by cotransfection of 293T cells with the tat and rev expression plasmid (pCV1) and vector DNA (pdhGFP-Hy or pdh2PBS), followed by hygromycin selection. After transfection with vesicular stomatitis virus G envelope-encoding plasmid (phCMV-G) and a helper construct (pCMV⌬R8.2), virus was collected and treated with DNase I to reduce the possibility of DNA contamination from producer cells. Infections were performed for 0, 1, and 2 h, and total cellular DNA was isolated for real-time PCR analysis. (B) The locations of real-time PCR primer-probe sets are shown above the structures of dhGFP-Hy and dh2PBS. The early products of reverse transcription that could form before minus-strand DNA transfer are represented as arrows below the structures of dhGFP-Hy and dh2PBS vectors. (C) Comparison of relative amounts of reverse transcription products determined 1 and 2 h after infection of 293T cells. The amounts of DNA products determined after dhGFP-Hy infection (white bars) and dh2PBS infection (gray bars) are shown. Four independent experiments were analyzed, and each DNA sample was analyzed by real-time PCR three times. The average copy numbers of various DNA products determined are expressed as a percentage of the DNA products determined with the R-U5 primer-probe set. The error bars represent the standard error of the mean.
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Analyses of the reverse transcription products 2 h after infection with the dh2PBS virus indicated that the relative amount of GFP products was approximately 90% of that of the R-U5 products, which was significantly higher than that of the GFP products detected for the dhGFP-Hy virus (20%). The larger amounts of GFP products detected for the dh2PBS virus confirmed that initiation of reverse transcription at the 3Ј PBS occurred with high efficiency.
Mutagenesis of HIV-2 PBS region. We used the vectors containing two PBSs to investigate the impact of different RNA-RNA interactions within the tRNA-template complex on the efficiency of initiation at the 3Ј PBS derived from HIV-2. Several mutations were introduced into the HIV-2 PBS and U5 sequences in dh2PBS (Fig. 6) . Mutations H1 and H2 disrupted the complementarity of the lower portion of the U5-IR stem by mutating the sequences distal and proximal to the PBS, respectively; the double mutation H1H2 restored the complementarity and the stem structure. Similarly, mutations H3 and H4 disrupted the complementarity of the upper part of the U5-IR stem by mutating the regions distal and proximal to the PBS, respectively; the double mutation H3H4 restored the complementarity and the stem structure. Mutation H5 targeted a portion of the U5 region that was previously proposed to interact with the T⌿C arm of tRNA Lys3 (30) . Mutation H6 was designed to block the proposed interaction between the A-rich loop of viral RNA with the AC loop of the primer tRNA (16, 30) . Finally, mutation H7 disrupted annealing of the 3Ј-terminal CCA of the tRNA with the 5Ј region of the HIV-2 PBS.
To test the effects of these mutations on the efficiency of initiation at the 3Ј PBS derived from HIV-2, four independent infections were performed; 1 and 2 h after infection, total cellular DNA was isolated. The amounts of early reverse transcription products generated by initiation at the HIV-2 PBS (GFP products) were measured and compared with the amounts of early products generated by initiation at the 5Ј PBS (R-U5 products), which served as an internal control. Most of the copy numbers detected for the GFP and R-U5 primer sets were at least fivefold greater than those for the negative control (Ͻ50 copies). The absolute copy numbers of the R-U5 products varied between different infections from 2 ϫ 10 3 to 5 ϫ 10 5 due to variation in transfection, infection, and DNA recovery efficiencies.
The results obtained are summarized in Table 1 . The amounts of the GFP products detected 1 and 2 h after infection with dhGFP-Hy were 3.3 and 19.7% of the amounts of the R-U5 products, respectively. These percentages were calculated as (GFP/R-U5) ϫ 100. Because only the 5Ј PBS is present in dhGFP-Hy, the result indicates that 3.3 and 19.7% of the reverse transcription initiation events underwent minus-strand DNA transfer and were extended to form the GFP products 1 and 2 h after infection, respectively. The GFP/R-U5 percentages detected after infection with dhGFP-Hy represented the background signal due to initiation at the 5Ј PBS; therefore, these GFP/R-U5 percentages were subtracted from the GFP/ R-U5 percentages obtained for all vectors containing a wildtype or mutated 3Ј PBS (Table 1 , adjusted GFP/R-U5 column). In contrast to dhGFP-Hy, the GFP/R-U5 percentages for dh2PBS 1 and 2 h after infection were 85.2 and 92.5%, respectively. Because dh2PBS contained a wild-type HIV-2 PBS region, the adjusted GFP/R-U5 percentage for this vector was set to 100%. Thus, the adjusted GFP/R-U5 percentages for the mutants represent the efficiency of initiation at the 3Ј PBS relative to the efficiency of initiation at the 5Ј PBS of dh2PBS. With the exception of H2, the initiation efficiencies obtained 1 and 2 h after infection were in agreement for all mutants.
As shown in Table 1 , the H1 mutant, which had a substitution of the distal portion of the lower stem, exhibited initiation efficiencies of approximately 4.5 and 5.1% relative to the wildtype HIV-2 PBS. The result indicates an average decrease in initiation efficiency of 20.9-fold. Similarly, the H2 mutant, which had a substitution of the proximal portion of the lower stem, exhibited initiation efficiencies of 5 and 11.6% relative to the wild-type HIV-2 PBS (average 14.3-fold decrease). However, the H1H2 mutant, in which the complementarity and the lower stem were restored, exhibited initiation efficiencies of 109.7 and 94.5% relative to the wild-type HIV-2 PBS. This result indicates that the lower part of the U5-IR stem is important for the efficiency of initiation.
Similarly, mutants H3 and H4, in which the distal and proximal portions, respectively, of the upper portion of the U5-IR stem were replaced, exhibited a 6.1-and 4.6-fold reduction in initiation efficiency, respectively, relative to the wild-type HIV-2 PBS. By contrast, the H3H4 mutant, in which complementarity and the upper part of the U5-IR stem were restored, exhibited initiation efficiencies of 95.9 and 83.6% relative to the wild-type HIV-2 PBS. These results demonstrate that the upper portion of the U5-IR stem is also important for maintaining the efficiency of initiation.
Mutant H5, in which the proposed interaction between the primer activation signal in U5 and tRNA Lys3 was disrupted, exhibited a 7.2-fold decrease in the efficiency of initiation. Similarly, mutant H6, in which the proposed interaction between the anticodon loop of tRNA Lys3 and the A loop in U5 was disrupted, exhibited a 6.2-fold decrease in the efficiency of initiation, indicating that the A-loop sequence influences the efficiency of initiation.
Finally, mutant H7, in which the interaction between the 3Ј CCA of tRNA Lys3 and the PBS was disrupted, exhibited the largest decrease in the efficiency of initiation (22-fold). The severe reduction in initiation efficiency was consistent with the previous observations indicating that primer-template mismatches in the 5Ј region of the PBS are highly detrimental to viral replication (25, 58, 70) .
DISCUSSION
The results of this study show that an HIV-1-based vector containing two PBSs has the capacity to initiate reverse transcription more than once. The results of flow cytometry and Southern blotting analyses are in close agreement with each other. The data indicate that 27% of the infectious HIV-1 particles derived from vectors containing two PBSs initiated reverse transcription twice, which resulted in GFP deletion. The 27% frequency of GFP deletion is very similar to that previously observed in murine leukemia virus-based vectors containing a second PBS derived from spleen necrosis virus. These results suggest that lentiviruses and gammaretroviruses have similar capacities to initiate reverse transcription more than once. It is important to note that multiple initiations in a single virion do not always result in the formation of a GFPnegative provirus. For example, if two initiations occur on one of the copackaged RNAs but minus-strand DNA transfer occurs intermolecularly, a GFP-positive proviral structure is formed. A more thorough consideration of various reverse transcription scenarios for vectors containing two PBSs was described previously (70) . Briefly, it was assumed that initiations of DNA synthesis occur randomly on the four PBSs and that intramolecular and intermolecular minus-strand DNA transfers occur with similar efficiencies; based on these as- a The genotypes of the vectors and the mutants are shown in Fig. 1 and 6 , respectively.
b Real-time PCR analysis was performed 1 or 2 h after infection of target cells. c The GFP/R-U5 percentages were calculated as follows: four independent infections were performed, and the copy numbers of the R-U5 and GFP products were determined by quantitative real-time PCR analysis as described in Materials and Methods. The ratio of the GFP and R-U5 copy numbers provides a measure of the reverse transcription initiation efficiency at the 3Ј PBS relative to the 5Ј PBS.
d The GFP/R-U5 percentages detected for dhGFP-Hy 1 and 2 h postinfection were subtracted from the corresponding percentages for all other vectors to adjust for the background signal generated by initiation at the 5Ј PBS.
e Initiation efficiency was measured relative to that of the wild-type HIV-2 PBS present in dh2PBS as follows: 100 ϫ (adjusted GFP/R-U5 percentage for mutant/adjusted GFP/R-U5 percentage for dh2PBS).
f Decrease in initiation efficiency is defined as 100/adjusted GFP/R-U5 percentage. NA, not applicable.
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sumptions, the predicted frequency of the GFP-negative proviral structures is 25% if all of the virions initiate reverse transcription twice. Thus, the observation in the current study that 27% of the HIV-1 vectors containing two PBSs generated a GFP-negative proviral structure represents an underestimate of virions that underwent dual initiation of reverse transcription.
The results of our study show that HIV-1 proteins can efficiently use the HIV-2 PBS region to initiate reverse transcription in vivo. These results confirm and extend previous observations from in vitro studies indicating that HIV-1 reverse transcriptase can initiate reverse transcription with the tRNA Lys3 primer annealed to the HIV-2 PBS (17). Real-time PCR analysis of early reverse transcription products indicated that the HIV-2 PBS was used at least as efficiently as the HIV-1 PBS.
Our study demonstrates that vectors containing two PBSs provide a quantitative in vivo assay for analysis of reverse transcription initiation. Several features of the assay described here contribute to the quantitative analysis of initiation. First, viral replication is limited to a single cycle, and early products of reverse transcription are analyzed so that the potential effects of the mutations on other aspects of viral replication (for example, transcription and integration) are eliminated from the analysis. Second, quantitative PCR analysis was used to enhance the sensitivity of the assay so that the effects of mutations on the initiation efficiency could be determined over at least a 20-fold range. Third, and perhaps most important, the 5Ј PBS was used as an internal control to eliminate the possible influence of differences in virus production and infection between wild-type and mutant vectors. The use of the 5Ј PBS as an internal control is based on the reasonable assumption that initiations at the 5Ј and 3Ј PBSs occur as independent events; however, it is possible that changes in initiation efficiency of the 3Ј PBS may affect the initiation efficiency of the 5Ј PBS and vice versa.
Analysis of the H1, H2, and H1H2 mutants indicates that the lower part of the U5-IR stem is important for efficient initiation. Similarly, analysis of the H3, H4, and H3H4 mutants indicated that the upper part of the U5-IR stem is also important for efficient initiation. The fact that the compensatory mutations (H1H2 and H3H4) restored initiation efficiency to the wild-type level provides strong evidence that these regions interact with each other to form stems that are important for efficient initiation of reverse transcription. The observation that the H1 and H2 mutations had a greater effect on initiation efficiency (15-to 20-fold reduction) than the H3 and H4 mutations (5-to 6-fold reduction) suggests that the lower part of the stem is quantitatively more important for initiation efficiency than the upper part of the stem. However, it is possible that these mutations resulted in the formation of other RNA secondary structures that were detrimental to reverse transcription initiation.
Mutations H5 and H6 disrupted the proposed interactions with the T⌿C and the AC loops, respectively (14, 16) . The results suggest that these U5 sequences are important for efficiency of initiation; however, it will be necessary to restore these interactions by using mutant tRNAs to verify that the U5 sequences indeed interact with elements of the primer tRNA. Mutation H7 reduced the initiation efficiency approximately 22-fold. A similar mutation at the HIV-1 PBS reduced the viral titer by 1,700-fold (data not shown). The reduction in viral titer is much more severe than the reduction in initiation efficiency, suggesting that the initiation events that occur at the mutated PBS are aberrant. It is possible that the lack of homology between the PBS and the primer tRNA results in synthesis of DNA products that lack an att site, which further reduces the viral titer.
These results are in good agreement with previous studies of HIV-2 PBS structure. The structures of the U5-IR and U5-⌿ stems as well the existence of an unpaired A-loop have been confirmed by chemical probing of viral genomic RNA (14) . The base pairing of the A-loop of viral RNA with the AC loop of tRNA Lys3 was proposed based on studies with antisense oligonucleotides targeted to these regions (16) . Interestingly, in vitro studies of HIV-2 reverse transcription showed significant amounts of elongated products in the absence of AC-loop interactions (17) . This is consistent with the relatively mild reduction in initiation observed in our study for the H6 mutant (sixfold reduction). Finally, interactions of viral genomic RNA with T⌿C and AC loops of the primer tRNA were demonstrated previously by nuclease digestion of initiation complexes (30) .
In this study, we used vectors containing two functional PBSs that use the same primer tRNA. These vectors were designed to ensure that the HIV-1 proteins could package the specific primer tRNA and carry out tRNA placement. In future studies, vectors containing two PBSs could be modified to analyze the ability of HIV-1 proteins to package heterologous tRNAs and carry out proper tRNA placement. Additionally, mutational analysis of the HIV-1 PBS could be performed by exchanging the positions of the HIV-1 and HIV-2 PBSs. Finally, mutational analysis of virally encoded reverse transcriptase, nucleocapsid, and integrase could be performed to identify determinants of viral proteins that play an important role in initiation of reverse transcription.
